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We study strong light-matter coupling at terahertz frequencies employing a system based on an array
of deeply subwavelength split ring resonators deposited on top of an ensemble of modulation-doped
quantum wells. By applying a magnetic field parallel to the epitaxial growth axis, at low
temperatures, Landau Levels are formed. We probe the interaction of the inter-Landau level
transitions with the resonators modes, measuring a normalized coupling ratio Xxc ¼ 0:58 between the
inter-Landau level frequency xc and the Rabi frequency X of the system. The physics of the system
is studied as a function of the metasurface composition and of the number of quantum wells. We
demonstrate that the light-matter coupling strength is basically independent from the metamaterial
lattice spacing.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795543]
I. INTRODUCTION
The possibility to enhance and tune light-matter interac-
tion results instrumental for fundamental studies of cavity
quantum electrodynamics (QED) and for applied realizations
of both classical and quantum devices.1–4 The vacuum Rabi
frequency X quantifies the coupling strength between the
light part (cavity photons) and the matter part (elementary
electronic excitation). The strong light-matter coupling re-
gime can be attained when X results larger than the dephasing
rates of the photons and electronic excitations. In the past few
years, a considerable research effort has been devoted to the
study of the the ultrastrong light-matter coupling regime.5–17
This regime is realized when the vacuum Rabi frequency
becomes an appreciable fraction of the unperturbed frequency
of the system x. In such a regime, theory predicts modifica-
tions of the ground and excited state properties due to the
relevance of the counter-rotating terms of the Hamiltonian,
resulting in non-adiabatic cavity QED effects.5 We recently
demonstrated ultrastrong coupling regime in a new system,
namely, a high-mobility two-dimensional electron gas
(2DEG) coupled to terahertz (THz) metamaterial resona-
tors.18 The photonic modes of an array of split ring resonators
are coupled to the inter-Landau level transition of the 2DEG,
obtained by applying a magnetic field perpendicular to the
plane of the quantum wells (QWs). This highly controllable
system is ideal for the study of strong coupling because the
material excitation can be continuously tuned by changing
the value of the applied magnetic field. The dependence of
the optical dipole moment d on the cyclotron orbit length
results critical in achieving very large coupling ratios. The
dipole d scales as d  el0
ﬃﬃﬃ

p
, where l0 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h=eB
p
is the mag-
netic length and  ¼ q2DEG2pl20 is the filling factor of the
2DEG, where q2DEG is the electron areal density.
19 As soon
as the cyclotron transition can be resolved, i.e., as soon as the
condition lB > 1 is fulfilled, where l ¼ esm is the electron
mobility and s is the Drude scattering time, the system will
have a gigantic dipole moment. With our previous work,18
we demonstrated that the coupling ratio for this system scales
as Xxc 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
anQW
p
, where a is the fine structure constant and
nQW is the number of 2DEGs.
19 In the present paper, we con-
centrate our study on a metasurface having a resonance at
500GHz, and we study the dependence of the coupling ratio
from the areal density of meta-atoms constituting the meta-
surface using two different heterostructures, with one and
four quantum wells.
II. EXPERIMENTAL SETUP
The sample transmission is investigated in the 0.1–3 THz
range by means of a THz-time domain spectrometer (THZ-
TDS).20 A schematic of the experiment is presented in Fig.
1(a). THz pulses of 2 ps length are produced by illuminating
an interdigitated photoconductive switch biased to an electric
field of 30 kV/cm with 75 fs-wide pulses centered at 800 nm
from a mode-locked Ti:sapphire laser (80MHz repetition
rate) at an average power of 300mW. The switch is modu-
lated at 15.5KHz with a 50% duty cycle. Detection of THz
radiation is performed via coherent electro-optic sampling
employing a 200lm thick ZnTe (110)-oriented crystal in op-
tical contact with a 6mm thick (100)-oriented ZnTe crystal
(to minimize echoes) and a differential detection scheme. The
resulting bandwidth of the system spans 0.13 THz. All THz
beam path is purged with nitrogen. Two pairs of 90 off-axis
parabolic mirrors of 2 in. diameter collect and refocus the
THz signal in and out from a cryostat equipped with a super-
conducting magnet in a split-coil configuration. The THz spot
size at the center of the magnet coils is about 2.5mm in diam-
eter, corresponding to the probed surface of the sample.a)scalari@phys.ethz.ch
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III. SAMPLES AND RESONATORS EMPLOYED
Our THz metamaterial integrates the 2DEG with a meta-
surface composed of meta-atoms (electronic split-ring
resonators21–23), which display electric field enhancement on
length scales which are strongly subwavelength, making them
very appealing in reaching extreme light-matter couplings in
the Mid-Ir and THz range where long wavelength radiation
(0.1-3mm) has to interact with quantum well systems typically
extending over length of some micrometers.24,25 In our case,
the in-plane electric field couples efficiently to the TE-
polarized cyclotron transition when the magnetic field is
applied perpendicularly to the plane of the layers and parallel
to the wavevector of the incident THz pulse (see Figs. 1(b) and
1(c)). Metasurfaces composed of meta-atoms of the kind
described in Ref. 26 and displaying an LC resonance at
500GHz are deposited in a square array with a unit cell side of
L¼ 50lm (metasurface A, approximately 2000 meta-atoms
probed) and L¼ 100lm (metasurface B, approximately 500
meta-atoms probed), respectively.
Conventional photolitography and Ti/Au (5/250 nm)
e-gun metallization were used to realize the resonators. Two
series of samples were realized, employing the two metasur-
faces A and B deposited onto heterostructures containing a
single modulation-doped triangular quantum well and four
symmetrically modulation-doped square wells. A control
sample was realized depositing the metasurfaces on top of a
semi-insulating (SI) GaAs substrate. The measured transmis-
sion jTj for the metasurfaces A and B on SI GaAs are dis-
played in Fig. 1(e). The expected resonance at 500GHz is
clearly observed. The structures present also a broad dipolar
mode around 2 THz which will not be considered in the pres-
ent study, and which is known to be strongly affected from
the meta-atoms density.27 The simulated transmission char-
acteristic for a single resonator predicts a resonance at
500GHz, in excellent agreement with what was measured on
FIG. 1. (a) Schematic of the experimen-
tal arrangement which includes a 2-ps
long broadband THz pulse probing the
transmission of a metamaterial based on
split-ring resonators deposited on top of
an GaAs/AlGaAs heterostructure. (b)
and (c) in-plane electric field intensityﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E2x þ E2y
q 
calculated at the resonance
of 500GHz. (d) Geometrical details of
the employed unit cell containing a
meta-atom. (e) Transmission spectra for
the two metasurfaces A and B deposited
on top of a semi-insulating GaAs wafer.
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both control samples. A strong difference in the absorption
among the different metasurface is expected and indeed
observed, yielding a ratio of 3.3 between the integrated
absorptions of samples A and B with respect to a difference
of a factor of 4 in the resonator’s density. The slight mis-
match is compensated by the difference in absorption in the
other resonance at 2 THz. It is important to highlight that the
Q factor is changing from QA ¼ 5:2 to QB¼ 10, i.e., when
reducing the resonator density, but the resonance frequency
remains basically unaffected. The dependence of the quality
factor and of the resonance frequency from the metamaterial
packing density has been investigated in detail by Singh
et al.,28 The quality factor of the LC mode has been observed
to increase as a function of the meta-atom separation and sat-
urate in correspondence of a first order resonance condition
which favors radiative coupling in the metamaterial plane.
Our results are fully consistent with those reported in Ref.
28. In our case, it would be inconvenient to push the system
towards the highest quality factor that would correspond to a
very low density of meta-atoms (L¼ 166 lm, approximately
200 meta-atoms probed) and the signal contrast would
decrease excessively with respect to the uncoupled cyclotron
resonance line. A possibility, currently under study, would
be offered by the selective removal of the quantum well
material in-between the resonators; this would reduce
strongly the uncoupled cyclotron resonance but would intro-
duce another periodic pattern in the system.
IV. EXPERIMENTAL RESULTS: ULTRASTRONG AS A
FUNCTION OF METASURFACE DENSITY
In Fig. 2, we show the transmission jtj as a function of the
applied magnetic field for samples constituted by one triangu-
lar quantum well with a sheet density n1QWs ¼ 3:2 1011 cm2
with the two different meta-atom distributions described in
Sec. III. We first examine the data reported in Fig. 2(a), rela-
tive to the metasurface A; as the magnetic field is swept
through the metasurface resonance, a clear anticrossing is
observed. We can identify the upper and lower branches of the
cavity magnetopolariton originating from the strong coupling
of the electron residing in the last occupied Landau level to
the cavity photons of the meta-atoms which constitute the
metasurface. Cyclotron signal is also present because of the
2DEG which is present in-between the meta-atoms and which
contributes to the total transmission. In the case of sample B,
the contrast of the signal is very low (as pointed out in Sec. III
this is expected from the different metasurface composition);
for this reason together with the color plot, we present the
FIG. 2. (a) Color plot representing the
transmission jtj as a function of the
applied magnetic field for the metasur-
face A deposited on top of a single quan-
tum well sample. The black dashed line
is the fit to the extracted transmission
minima. The regular intensity modula-
tion of the cyclotron absorption is an ar-
tifact of the interpolation procedure due
to the discrete sampling on the magnetic
field axis. Values of the field where there
is no corresponding measurement result
in an artificially lower value for the cy-
clotron absorption. Inset: photograph of
the sample surface showing the arrange-
ment of the meta-atoms. (b) Color plot
representing the transmission as a func-
tion of the applied magnetic field for
metasurface B deposited on top of the
single quantum well sample together
with the transmission minima (red
circles). The black dashed line is the best
fit to the data. Inset: photograph of the
sample surface showing the arrangement
of the meta-atoms. All the measurements
are performed at T¼ 10K.
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transmission minima extracted from the measurements per-
formed at different magnetic fields. The lower contrast is also
due to the relative increase of the cyclotron signal because
there is more surface nonoccupied by the resonators. The
physics of the system is modeled employing a full quantum
treatment described in Refs. 18 and 19; we report the best fit
to the transmission minima extracted from the data. For sam-
ple A, we measure a coupling ratio ðXxcÞ1QWA¼ 0:346 0:01
and for sample B, we obtain ðXxcÞ1QWB ¼ 0:386 0:03. In this
case, we see that within the error given by the mean square
deviation we measure the same value for the strong light-
matter coupling ratio in the two samples. The magnetic field
of B¼ 1.2T corresponds in this case to a fill factor of
1QWð1:2Þ ’ 11.
We then examine the data relative to the experiments
performed with the two metasurfaces A (Fig. 3(a)) and B
(Fig. 3(b)) deposited on top of a heterostructure containing
four quantum wells each containing an average sheet density
of n4QWs ¼ 4:5 1011 cm2. In this case, the filling factor of
the 2DEG at the anticrossing magnetic field B¼ 1.2 T is
 ¼ 15. The difference in the absorption signal between the
samples is clear, and the difference is even more dramatic if
compared to the cyclotron signal which comes, in the case of
sample B, from a larger portion of surface unoccupied from
the resonators. The theoretical model measures a coupling
ratio of ðXxcÞ4QWA ¼ 0:586 0:02 for sample A, where the
extraction of the transmission minima is straightforward. If
we compare this value to what was obtained in the case of
the single quantum well, we see that there is an increase of
1.7 times in the coupling ratio. This is expected and is attrib-
uted to the increased filling factor and to the increased num-
ber of quantum wells; by employing the relation
X
xc
 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃanQWp (derived in the ideal case where all the QWs
are identically coupled to the electric field19), we would
expect an increase in the coupling ratio by a factorﬃﬃﬃﬃﬃﬃﬃﬃ
154
11
q
’ 2:3, which results in good agreement with the
measured value 1.7. The small discrepancy can be ascribed
to the different coupling of the quantum wells to the electric
field in the case of the 4 quantum well sample and to even-
tual inhomogeneities of the electron distribution on the large
samples. In the case of sample B, the identification of the
upper branch features is especially difficult due to reduced
signal; we then extracted the transmission minima for the
lower branch only and applied the model. The result is plot
on top of the transmission data in Fig. 3. The agreement with
the lower branch dispersion is excellent and the model gives
a value of ðXxcÞ4QWB ¼ 0:546 0:02 for the coupling ratio. We
report also sections of the two transmission graphs at the
anticrossing points corresponding to a field value of
B¼ 1.2 T. We can note the difference in the quality factor of
the two different metasurfaces by inspecting the lower
branch of both samples A and B for high values of the
applied magnetic field. In this regime, the resonance recovers
the shape and the frequency of the metasurface without any
FIG. 3. (a) Transmission as a function of
the applied magnetic field for the meta-
surface A deposited on top of a 4 quan-
tum well sample. Inset: section of the
previous graph representing the trans-
mission at B¼ 1.2 T corresponding to
the anticrossing point. (b) Transmission
minima for metasurface B deposited on
top of the single quantum well sample.
Inset: section of the previous graph rep-
resenting the transmission at B¼ 1.2 T
corresponding to the anticrossing point.
The dashed lines are the best fit to the
data employing the model described in
Refs. 18 and 19. All the measurements
are performed at T¼ 10K.
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quantum well (as in the case of Fig. 1(e)). We indeed use the
high magnetic field value of the metasurface resonance in
the fitting procedure as the cold cavity resonance value.
From the analysis of the four investigated samples, we
can conclude that a change of a factor of four in the density
of the meta-atoms comprising our metasurfaces does not
affect significantly the light-matter coupling strength. As
expected, the strength of the absorption signal is significantly
weaker in the case of the less dense metasurface, justifying
the adoption of closely spaced metasurfaces in order to
increase the signal-to-noise ratio.
V. CONCLUSIONS
We studied strong light-matter coupling in the THz
range by employing metasurfaces of metallic split-ring reso-
nators coupled to the inter-Landau level transition of a
2DEG immersed in strong magnetic field. We demonstrated
a normalized value of the coupling ratio of Xxc ¼ 0:58 and we
experimentally proved that the coupling ratio is basically in-
dependent from the meta-atom density of the metasurface.
Extension of the present system to the microwave range
employing multiple quantum wells should yield even larger
coupling ratios.
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